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PREFACE

The technical program of the Eigh:eenth Annual Meeting of the Society of
Engineering Science consists of 36 sessions in which 196 papers are scheduled
for presentation. This book contains the abstracts of these paperr  The pro-
gram covers recent developments in many areas of engineering science. Multi-
ple sessions have been organized on analytical dynamics, geomechanics, inelas-
tic structural dynamics, aerosols, material instability, fracture, plasticity,
and hydrodynamic stability, transition and turbulence.

The program includes two general lectures. Wednesday morning, Professor
M.D. Kruskal of Princeton University will speak on '"Surrounded by Solitons".
Thursday morning, Professor J.B. Keller of Stanford University will speak on
"Interaction Between Mathemgtics and the Engineering Sciences". Professor
Keller is this year's recipient of the Society’'s Eringen Medal.

Much of the program was developed by members of the Technical Program
Committee. Their efforts in organizing interesting sessions are gratefully
acknowledged. Special thanks go to the two general lecturers, the authors,
and the session chairpersons for their contributions.

On behalf of the participants we would like to thank the U.S. Army Re- R
search Office-Durham for financial support which defrayed part of the expenses pi

of the meeting. i

!
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We also express our thanks to Beth Googins, Sara Mancino, Debra Firth N
and other secretaries of the Division of Engineering for their invaluable 7
assistance in hardling correspondence and local arrangements. ———
Providence R.J. Clifton e eeem

September, 1981 J.R. Rice
Co-Chairmen
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Session WM-1: HEAT AND MASS TRANSFER PROCESSES IN MATERIALS SCIENCE

Organizer: P.G. SIMPKINS (Bell Labs, Murray Hill)
Chairperson: B. CASWELL (Brown)

10:10  D.E. ROSNER (Yale)
"Predicticn of Thermophoretic Diffusion Effects in Flow
Systems, With Applications to Materials Processing"

10:40 E.P. MARTIN, JR. (Bell Labs, Allentown)
"Czochralski Silicon Crystal Growth System Modeling"

11:10 COFFEE BREAK

11:40 R.S. SUBRAMANIAN and R. COLE (Clarkson)
"Transport Phenomena in Space Processing"

12:10 R.A. BROWN and C.J. CHANG (M.I.T.)
"Finite Element Analysis of Convection and Mass Transfer
in Directional Solidification"

12:40 D.J. KIRKNER, T.L. THEIS, A.A. JENNINGS (Notre Dame)

"A Solution of the Mass Transport Equations with Chemical
Reactions by the Finite Element Method”
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Prediction of Therwophoretic Diffusion Effects in Flow Systems,
With Applications to Materials Processing®*"

Daniel E. Rosuer®
High {emperature Chemical Reaction Engineering Laboratory
Yale University, New Haven, CI 06520 USA

ABSTRACT

Wnile rarely treated in engineering books ou mass tramsport, it is
shown that thermal (»oret or thermophoretic) diffusion significantly al-
ters convective mass trapsport rates and important transition tempera-
tures in nonisothermali flow systems® involving the transport of "heavy"
species (vapors or particles) or "light” specles. These conditions are
commonly encountered in materials processing applications, e.g., chemical
vapor depogition (CVD). Introductloa of the Soret transport term is ghown
to produce mass transfer effects similar to those of “suction” and homo-
geneous chemical "sink" --indeed, this analogy provides a simple wmethod
of correlating and predicting thermophoretic effects in the abovementioned
systems. In most cases the "suction" effect is dominant, with the important
dimensionless group:

Sth AT
- Le .« —_——. 2
Bt (atle)w Stg Ty
playing the role of the thermophoretic suction patamter.d Here Sty and
Sty are the ordinary heat and mass transfer coefficients, arle is
the ratlo of the thermophoretic diffusivity to the mixture thermal diffus-
ivity, and AT {s the difference betrween the wall temperature and the neigh-
boring fluid temperature. The effects of thermophoresis are illustrated
in several specific cases, mainly involving vapor or particle transport
through gases, with or without simultaneous chemfcal reactions. The methods
outlined herein allow the rational inclusion of Soret tramsport effects
in diverse applications, and, with the extensions i{ndicated, should allow
greatly improved engineering predictions of mass transfer phenomena in
nonisothermal systems with large molecular weight disparities.

8prepared for Presentation at the 18th Engineering Scicnce Conference,
2-4 September 1981, Providence, R.I. (sesslon on Transport Phenomena
in Materials Processing).

bBaged on research supported by the U.S. Alr Force Office of Scientific
Research (Contract F-49620-76-C0020), NASA (Grant NSG-31C7) and the
ALCOA Poundation.

€Professor of Chemical Engineering.
dPhysicochenical Hydrodynamics, Pergamon Press, Vol. 1, 159-185 (1980).
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CZOCHRALSKI SILICON CRYSTAL GROWTE
SYSTEM MODELING
E. P. Martin, Jr.

Bell Laboratories
Allentown, PA 18103

ABSTRACT

Heat and mass transfer processes are important in
controlling the growth conditions and materials properties
of large diameter Czochralski silicon crystals. An overall
crystal growth system model based on these processes would
greatly benefit the optimization of Czochralski silicon
materials used in integrated circuit and solar cell manu-
facture. The status of presently available knowledge
pc—taining to such a model is assessed. Recent Czochralski
hot-zone tcmperature measurements which would have impact

on model development are presented.
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Transport Phenomena in Space Processing

R. Shankar Subramanian and Robert Cole
Department of Chemical Engineering
Clarkson College of Technology, Potsdam, New York 13676

Commercial production of glasses for advanced applications often
requires processing techniques substantially different from
those in common use. In particular, containerless processiag

is desirable where melt temperatures are sufficiently high that
the container wall reacts chemically with the melt and/or pro-
motes crystallization. An ideal environment for containerless
processing is provided by the NASA Space Shuttle program because
the effective gravitational acceleration in earth orbit is
especially low (m10—5g) and little levitation is necessary.

In such an environment however, convective mixing and buoyant
fining (bubble removal) are non-existent. Alternate mechanisms
based upon thermocapillary forces have been proposed by
Subramanian and Cole [1]). These forces are produced by surface
tension gradients and are to be generated by spot heating the
surface of a levitated molten glass sphere.

This talk is concerned with ongoing ground-based projects in
support of our future shuttle experiments. They include the use
of rotation as a means of collecting entrapped bubbles as an aid
to subsequent thermal fining (the rotation experiments also have
application to the production of glass microballoons for use as
laser fusion targets), the rise of single gas bubbles in molten
glass to provide information on the susceptibility of low melting
glasses to interfacial contamination, thermocapillary convection
in pendant drops (silicone 0il) and in a cylindrical zone glass
melt as a means of mixing, and an analytical investigation of the
thermocapiilary migration of - cas bubble inside a liquid drop as
a means of fining.

1. Subramanian, R.S., and R, Cole, "Space Shuttle Experiments in

Glass Processing,"” AIChE 71st Annual Meating, Miami Beach,
Florida, Nov. 1978,
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FINITE ELEMENT ANALYSIS OF CONVECTION AND
MASS TRANSFER IN DIRECTIQNAI SALIDIFICATION*

Robert A. Brown and C. J. Chang

Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

The compositional unifermity of dopants and impurities in semi-
conductor crystals grown from the melt depends strongly on the shape of
the melt/solid interface and on the convective flow pattern in the
melt, especially near the interface. Finite-element analysis has been
developed as an analytical tool for studying the coupling between fluid
flow and heat and mass transfer in melt growth systems. In this paper
we outline an efficient method for calculating laminar buoyancy-driven
convection and interface shape in directional solidification. The
model system consists of melt and solid confined in a cylindrical am-
poule that is much longer than its radius. The thermal environment of
a typical furnace is mimicked by varying the boundary conditions on
temperature and heat flux along the length of the ampoule. The temper-
ature and flow fields are taken to be axisymmetric.

The finite-element method is a combination of Galerkin's technique
with a new Newton's method for calculating simultaneously the melt/-
solid interface shape and field variables, temperature, velocity, etc.
[1]. Besides giving quadratic convergence, the Newton's method sffers
computer-atded methods for studying the uniqueness of the flow field
and interface morphology.

The structure and intensity of the flow depends on the Rayleigh
and Prandtl numbers. For melts with low Prandtl numbers (Pn:0.01:,
heat transfer in the melt and melt/solid interface shape vary only
slightly with increasing Rayleiah number, however the pattern of the
flow may change dramatically. Depending on the aspect ratio of the
melt and the Rayleigh number, the flow mav be simply a single toroidal
ceil or may separate into two cells stacked on top of each other. How
these effects impact dopant transfer in analyzed hy soiving the equa-
tion for dopant transport in the melt by T.nite element analysis. The
ranges of validity are discussed for previous models of mass transfer
that either neglect convection or include convection but neglect inter-
face curvature.

[1] chang, C.J. and Brown, R.A., Finite element methods for buoyancy-
driven convection near a melt/solid phase boundary. J. Comp.
Physics, submitted (1981).

*Supported by NASA through the Materials Processing Center at M.I1.T,
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A Solution of the Mass Transport Equations

with Chemical Reactions by the Finite Element Method

David J. Kirkner
Thomas L. Theis
Aaron A. Jennings

Department of Civil Engineering
University of Notre Dame
Notre Dame, Indiana 46556

The equations governing the convective-dispersive transport of
chemically reacting solutes in a saturated porous media are solved
by the finite element method. Local chemical equilibrium is assumed
throughout the domain.

The method presented keeps the mass transport calculations
scparate from the chemical equilibrium calculations. Thus, compli-
cated non-linear chemical reactions and solid phase accumulations
can be handled. In contradistinction to most other approaches to
this problem, changes in the chemical svstem affect only a specific
module in the program, thus leaving the mass transpert model un-
changed. This feature alsc makes the programming for multi component
systems a relatively simple matter. This modular treatment of the
chemistry facilitates the use of existing chemical speciation programs.

Several examples are presented demonstrating the effects of
competitive adsorption and soluble complexation on the mass transport
of a simple chemical system.




Session WM-2: NEW DIRECTIONS IN ANALYTICAL DYNAMICS - 1

Organizet: L.Y. BABAR (Drexel)
Chairpersons: L.Y. BAHAR (Drexel) and H.H.E.LEIPHOL? (U.Waterloo)
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12

"“"Feedback Contro} of Distributed~Parameter Systems'

40 R.W. BROCKETT (Harvard)
"Classical Mechanics, Geometry, and Control Theorv"
10 COFFEE BREAK
;40 H.H.E. LEIPHOLZ (Waterloo)
"Active Structural Control"
:10 L. MEIROVITCH (VPI)

140 P.D. SPANOS (U. Texas, Austin)
"First Passage Problem for the Response Amplitude of a
Randomly Excited Structure'
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CLASSICAL MECHANICS, GEOMETRY, AND CONTROL THEORY

R. W. Brockett
Division of Applied Sciences
Harvard University
Cambridge, MA 02138

ABSTRACT

Recent development in the area of dynamical systems have given us both
new insights into the properties of nonlinear differential equation models
and new ways to organize what we know about sclving nonlinear differential
equations. A central theme in this program has been the use of geo-
metry, both as a source of new ideas and as a language for unifying and
extending results. Of course. most of the engineering of dynamical
systems concerns the effect of exogenous inputs on dynamical systems;

a subject whicih has been developed most vigorously by control theorists.
In this talk I want to amalgamate these points of view giving prominence
to those ideas which seem to have the most significance for modeling
and control. More specifically, the taik will describe recent develop-
ments in completely integrabie Hamiltonian systems, bifurcation theory,
chaos and strange attractors, the global formulation of nonlinear
input-output models; anc a discussion of new methods for investigating
Liapunov stability. Ideas from differential geometry and, more spe-
cifically, Lie theory will be introduced as needed. Backaround infor-
mation can be found in the book by R. Abraham and I. Marsden, Founda-
tions of Mechanics (2nd ed.), Addison-Wesley, 1979; and in my paper
"Control Theory and Analytical Mechanics" which appears in Geometric
Control Theory {C. Martin and R. Hermann, Eds.), Math Sci Press, 1976.
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ACTIVE STRUCTURAL CONTROL

H.H.E. Leipholz, Professor
Department of Civil Engineering
University of Waterloo
Waterloo, Ontario, Canada N2L 3Gl

Technological developments in the context of design and building
of modern civil engineering structures like bridges, multi-gstorey build-
ings, TV-towers, antennas, etc., have led to situations In which these
buildings are more and more exposed and sensitive to dynamic loading.
The complexity of such situations and the relatively high flexibility
of the structures involved force the designer frequently to abandon
the field of a statical analysis and to take up a dynamical approach to
the problems posed. Yet, dealing with the structure as a dynamical
system suggests certainly the inclusion of structural control in one's
investigations. Structural control against earthquake motions,
vibrations due to wind gusts, explosions, and moving traffic loads has
indeed been considered in the past in the literature and in actual
design. This paper will give a certain survey of these attempts.

If there is a justification for talking specifically of structural
control, then, it is due to the fact that the nature of the loading and
of the structure subjected to this loading leads to specific, typical
mathematical formulations and to pertinent problems. For example, one
may have discrete systems with large degrees of freedom. How to optimize
a control for such a system? How to place the observers and how to
choose their order? How to reduce possibly the number of degrees of
freedom of the system without affecting adversely the mathematical
modelling of the system by omitting important features of its behaviour?

Alsc, one may have to deal with continuous systems. How could one
effectively discretize such systems? This may be necessary in order to
apply classical control theory to these systems. However, in this paper,
the fact will be emphasized that actually the abstract mathematical
formulation of the control problem for continucus elastic bodies leads to
functional equations, variational problems with inequality constraints,
and to a set of theoretical results which do exist already in the theory
of partial differential operators and in functional analvsis in the
broadest sense. These results should be brought to the attention of the
civil engineer dealing with control aspects of structural design. This
paper will therefore be addressed specifically to the dissemination of
such existing knowledge and techniques.

-9 -




Feedback Control of Distributed-Parameter Systems

L. Meirovitch
Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 2406)

Abstract

Feedback control of dynamical systems implies the generation of forces
depending on the displacement, or on the velocity, or both on the displace-
ment and velocity, where the forces are designed so as to drive the system to
a given state, ordinarily an equilibrium state. This amounts to modifying
the system so that, in the presence of feedback controls, the system eigen-
values possess negative real parts. The various methods of control differ in
the manner in which this is accomplished.

Control of distributed systems represents one form or another of modal
control, which implies that the system is controlled by controlling the
individual modes. But, a distributed system possesses an infinity of modes,
and it is not practical to control the entire infinity of modes. Hence,
truncation is a virtual necessity.

Modal control is carried out in the time domain, which implies that the
spatial dependence must somenow be eliminated. This is done by representing
the dependent variable by a series of the space-dependent eigenfunctions
multiplied by time-dependent generalized coordinates, known as modal co-
ordinates. Truncation of the series implies that the distributed system is
controlled through a surrogate discrete system. for linear control, the
forces are linear combinations of the state variables, where the transfor-
mation matrix is the control gain matrix. Ffor optimal control, the gain
matrix is obtained by solving a matrix Riccati equation (Ref. 1}. But, for
the discrete system to be a good representation of the distributed system,
the order of the discrete system must be relatively large. This is likely to
cause computational difficulties, as solutions for matrix Riccati equations
can be carried out successfully only for relatively low-order systems and
they tend to blow up for high-order systems. Moreover, the computational
time required tends to increase dramatically as the system order increases.

A method circumventing these difficulties is the independent modal-space
control (IMSC), whereby the controls are designed so that each mode can be
controiled independently. The IMSC method leads to a set of independent
second-order Riccati equations that are solved in parallel (Ref. 2). The
solution of second-order Riccati equations presents no computational dif-
ficulties and the computational time for implementation of the scheme based

on the IMSC is smaller than that based on coupled controls by several orders
of magnitude. A numerical example corroborating these statements is presented.

References.

T. Anderson, B. D. 0., and Moore, J. B., Linear Optimal Control,
Prentice-Hall, Inc., Englewood Cliffs, N. J., 1971.

2. Meirovitch, L., and Baruh, H., "Control of Self-Adjoint Distributed
Systems"”, Proceedings of the AIAA Guidance and Control Conference,
Danvers, MA, August 11-13, 1980, pp. 1-10.
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FIRST PASSAGE PROBLIM FOR THE RESPONSE AMPLITUDE
OF A RANDOMLY EXCITED STRUCTURE

by

P. D. Spanos
Engine¢ring Mechanics
tniversity of Texas
Austin, TX 78712

Numerical aspects of the solution of the Kolmogorov backward partial
differential equation governing the first-passage problem associated with
a Markovian approximation of the amplitude of the response of a lightlv
damped linear structure subjected to stationarv broad-band random excita-
tion are examined. Application of the technique of separation of variables
on this equation leads to a boundary value problem.

A theorem is proved which provides analvtical estimates of the eigen-
values of the boundaryv value problems as functions of the barrier of the
first-passage problem. The analvtical estimates and a recursive numerical
scheme are used to compute the first twentv (20) eigenvalues for a range of
barriers of practical importance.

An algorithm is presented for the computation of the eigenfunctions of
the boundary value problem. This algorithm is found particularly efficient
in computing the eigenfunctions at a large number of denselv spaced points.
The first five (5) eigenfunctions corresponding te the assumed barrier
values are computed and plotted versus the initial value of the response
amplitude.

Finally, the constant coefficients associated with the first twentv (20)
eigenfunctions of a series solution of the Kolmegorov equation are computed
and tabulated for barrier values identical to those assumed in determining
the eigenvalues and the eigenfunctions of the problem.

The trends of the eigenvalues, eigenfunctions, and constant coefficients
are examined qualitatively and quantitatively from a phvsical point of view,
and correlation is made, when possible, with existing experimental data,

It is suggested that the analvtical estimates and the numerical data
obtained by the present study can be the basis of parameter studies investi-
gating the reliabilitv of randomly excited structures as a function of the
barrier siz:, the damping and the stiffness of the structure, and the dura-
tion of the random excitation.




Session WM-3: ENVIRONMENTALLY-INFLUENCED FRACTURE/FATIGUE

Organizer: R.O. RITCHIE (U. Cal., Berkeley)
Chairperson: R.O. RITCHIE (U. Cal., Berkeley)

12:

140

125

10:

10 A.W. THOMPSON and 1.M. BERNSTEIN (Carnegie-Mellon)
"The Role of Microstructure in Environmentally-Influenced Fracture'
40 R.P. WEI (Lehigh)
Environmentally-Influenced Fracture: Role of Hydrogen Embrittlement"
10 COFFEE BREAK
140 F.P. FORD (GE, Schenectady)
“Environmental Influence on Crack Propagation: Role of the
Slip-Dissolution Mechanism'
;10 R.O. RITCHIE (U. Cal., Berkelev)
"Environmentally-Influenced Fracture: Role of Crack Closure"
125 Y. MURAKAMI (Northwestern and Kyushu Inst. Tech., Japan)
"A Consistent Method for Estimating the Effects of Small
Three-Dimensional Defects on Fatigue Strength"
;40 M.S. FL SAYED (Cairo, Egypt)

"Quantitative Description of Delay in Fatigue Crack Propagation”
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THE ROLE OF MICRCSTRUCTURE IN
ENVIRONMENTALLY-INFLUENCED FRACTURE

Anthony W. Thompson and I. M. Bernstein
Dept. of Metallurgy and Materials Science
Carnegie-Mellon University
Pittsburgh, PA 15213

ABSTRACT

There have been only a few studies of corrosion fatigue which have
explicitly cousidered microstructure as an experimental variable. row
ever, emerging understanding of the role of microstructure in stress
corrosion cracking and hydrogen embrittlement, together with informa-
tion on microstructural effecis on fatigue, can be combined to give a
broad perspective on the problem. Such a perspective will be presented,
and illustrated with recent results on several types of steels.




ENVIRONMENTALLY-INFLUENCED FRACTURE: ROLE OF HYDROGEN
EMBRITTLEMENT, R. P. Wei, Department of Mechanical
Engineering and Mechanics, Lehigh University,
Bethlehem, PA 18015

ABSTRACT

Environmentally influenced fracture, particularly in
terms of chemically aggressive c¢xternal environments, is a
long standing problem of technological importance and
scientific interest. Two basic mechanisms have been invoked
to rationalize experimental observations and provide guid-

ance in engineering decisions -- namely, hydrogen embrittle-
ment and active-path dissclution (particularly for agueous
environments). Parallel fracture mechanics and surface

chemistry studies in recent years on the kinetics of
crack growth in gaseous environments and on the kinetics
of the associated chemical reactions have provided sup-
port for the hydrogen embrittlement mechanism(s). Models,
based on the results of these studies, have provided con-
sistent interpretations of the data. Experimental data
that are emerging from parallel fracture mechanics and
electrochemistry studies again tend to support hydrogen
embrittlement (vis-4-vis, active path dissolution) as the
responsible mechanism for environmentally assisted crack
growth in the aqueous environments. A brief review of
the pertinent data will be given, and the role of hydro-
gen embrittlement in environmentally influenced fracture
will be discussed.




ENVIRONMENTAL INFLUENCE ON CRACK PROPAGATION 5
ROLE OF THE SLIP-DISSOLUTION MECHANISM

F. P. Ford

General Electric Research & Development Center
Schenectady, NY 12301 USA

The controlling parameters in the slip dissolution
model for the enhancement of crack-propagation inmetal/
ajuesel environment systems are reviewed, in order to
set limits to the model’'s validity under various envi-
ronmental and stressing conditions. These experimental
conditions are bounded by situations where other models
of crack advance may be more applicable eg. hydrogen
embrittlement.

Examples of situations are given where the slip-disso-
lution model is able to predict guantitatively thecrack-
propagation rates as a function of variables such as
temperature, stress-intensity, pH, stressing-mode and
electrode potential. These examples are taken from data
on aluminum and iron~based alloys {eg. stainless, low-
alloy and carbon-steels) in various environments. Equal
attention is given, however, to uncertainties in the
model, which are normally associated with accurate defi-
nitions of, for instance, crack-tip strain rates under
constant~load or -displacement conditions. It is under
these conditions of uncertainty that most dekates arise
as to the precise mechanism of crack-advancement eg.
slip-dissolution, hydrogen embrittlement, or a combina-
tion of the two mechanisms.

- 15 .




ENVIRONMENTALLY~INFLUENCED FRACTURE: ROLE OF CRACK CLOSURE

R. 0. Rictchie

Dept. of Materials Science and Mineral Engineering
Lawrence Berkeley lLaboratory
University of California, Berkeley
CA 94720

ABSTRACT

In general, mechanisms for the environmental contribution to
cracking during corrosion fatigue crack propagation in engineering
materials involve such processes as hydrogen embrittlement and active
path corrosion (metal dissolution). Recently, however, aberrations
of corrosion fatijgue at very low (near-threshold) growth rates, approach-
ing the threshold ..K, below which cracks appear dormant, heve shown
behavioral patterns totally inconsistent with such mechanisms. For
exarple, in steels, under certain conditions, near-threshold crack
growth rates can be accelerated iw helium gas and decelerated in hvdru-
gen compared to behavior in room air. Accordingly, a new mechanism for
the environmental influences on corrosion fatigue at near-threshold
levels is presented, based on the role of excess corrosion debris, gen-
erated within the crack, in promoting increased crack closure loads in
moist and oxidizing environments (termed "oxide-induced crack closure').
The mechanism, which is specific to conditions where crack tip .is-
placements are of the order of the size-scales of the corrosion debris,
is shown to be consistent with effects of load ratio, strength level,
environmeat and variable amplitude cycling, which have been reported
for near-threshold corrosion fatigue crack growth behavior.




A CONSISTENT METHOD FOR ESTIMATING THE EFFECTS OF
SMALL THREE-DIMENSIONAL DEFECTS ON FATIGUE STP™7Tii

Y. Murakami
Department of Civil Engineering, The Technological Institute,
Northwestern University, Evanston, Illinois A0201;
on leave from Department of Mechanical Engineering,
Kyushu Institute of Technology, Tobata, Kitakvushu, 804 Japan.

ABSTRACT

The fatigue strength of specimens contafining cracks, defects or
inclusions has been investigated separately, mostly by two-dimensional
rather than the required three-dimensional consideration. Considerable
progress in understanding fatigue cracks has been made in recent vyears,
while there has been almost no consistent approach for estimating the
effect of defects and inclusions on fatigue strength.

The fatigue limit of carbon steel is not the critical stress under
which no crack appears, but the threshold stress where the fatigue
crack developed under the stress level, stops propagating. Even the
fatigue limit of the specimen including defects or inclusion is deter-
mined by the nonpropagation condition of cracks emanating from them.
Then, on the basis of the analysis of stress intensity factors for
three-dimensional cracks with various shapes, cracks, defects and
inclusions can be consistently treated.

In our investigation, it is found that the maximum stress intensi-
ty factor along the front of a three-dimensional crack is approximately
proportional to the square root of cracked area. Tterefore, the
approximate maximum stress intensity factors for the partially cracked
defects or inclusions can be estimated from the square root of the area
projected on the direction of the maximum tensile stress. Thus, the
square root of the projected area of defects can be regarded as the
controlling dimension that enables one to interpret all fatigue data
consistently. It is confirmed that the predictions are in good
agreement with the experimental data [17,

References
[1] Y. Murakami and M. Endo, Proc. Annual Meeting (1981-4) of JSME.
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Quantitative Description of Delav in Fatigue Crack Propagation

M. S. El Saved
Chair of Machine Design, MTC, Cairo, Egypt

6, Baha FEl Din Ebn Hanna St.
El Daher, Cairo, Egvpt

Sudden changes of load conditions leads to transient phenomena in
propagation of cracks. It has been proved, that the drop of amplitude
of stress, drop of mean value of stress and the overload lead to a dis-
tinctive transient deceleration. The value of transient deceleration
and its durations depend on the parameters of loading before and after
the sudden change conditions.

A quantitative description of transient phenomena is presented,
that is based on the idea of the dominant role of residual stresses
at the crack tip, the steady state fatigue crack propagation, and the
threshold values. Experimental results measured on Cr-Ni steel speci-
mens, of the course of transient propagation, are within an acceptable
accordance with this quantitative description.
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OPTIMAL DESIGMN OF DYNAMICALLY LOADED RIGID - PLASTIC STPUCTURES

Sandor Kaliszky
professor, Technical University of Budapest
Budapest 1521, Hungary
Visiting Professor
at
The University of Wisconsin - Milwaukee
P. 0. Box 784, Milwaukee, W’ sconsin 53201

An approximate method is presented for the optimal design of
rigid-perfectly plastic inhomogeneous structures subjected to short-time
dynamic pressures. The structure is subdivided into homogeneous parts
vk (k =1, 2, ...n), in which the specific cost Ck and the yield stress
of material are given. The location, size and shape of the parts are to
be determined such, that the parts do not go out of prescribed domains Hy
and Gy, the permanent displacements Wpp caused by the pressure do not
exceed the permissible displacements ﬂoh and the cost of the structure be
a minimum:

c=7r Cka = min!

subject to

; - . - = 2
hko_:_vkgsk,(k 1,2,...0); wph Yops {h =1,2,...m

For the estimation of permanent displacements kinematically 11
admissible stationary displacement fields are imposed on the structure’ -.
“nlu*ions can be developed by mathematicall programming. Apnlicatior is
“11¢ strated through the optimal design of thick-walled concrete cylinders
reinforced by steel wires ?Bﬂtheir exterior surface and subjected to
internal dynamic pressurest©d.

11 Kaliszky, S.: Apnroximate Solutions for Implusively Loaded Inelastic
Structures and fontinua. Ir®. oourn. Non-linear vech. Vol. ¢
pp. 143-158 '°970).

[2] Heinloo, M.: falisziy, S.: Optimal Design of Dynamically Loaded Rigid-
Plastic Structures. .Journ. Struct. Mech. {to be puhlished).
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large Deflections of Impulsively Loaded Plane Frames
by
Marcei J. Mikkola* and Jukka Myllymiki

Department of Civil Engineering
Helsinki University of Technology, Finland

ABSTRACT

The paper deals with a numerical study on the response of planc
frames subjected to impulsive loads, which are sufficiently severe
to cause plastic flow and large permanent displacements.

The equations of equilibrium are formulated using the total
Lagrangian and updated Lagranglian descriptions. The finite
element method is employed for spatial discretization. Numerical
time integration is carried out using the central differcnce
scheme and the trape--lsal rule. Material behaviur is modeled by
elastic-plastic and elastic-viscoplastic relationships.

The computer method developod was applied to several test
cases on steel, titanium, and aluminum beams and frames. 1lp the
analysis of the recent tests on steel and titanium frames by
Bodner and Symonds, satisfactory agreement with observed final
permanent deflections was obtained. Aluminum beams, frames, and
arches tested and analyzed by Hasnmi, Al-Hassani, and Johnson and
by Witmer and Balmer were also investigated. In the case of a
cantilever loaded at the top it was observed that the computed
deflecrions were closer to experimental ones when the impul se
was applied in the form of a distributed time-dependent load over a
certain interval rather than as an initial velocity attached to
the tip mass. Although the agreement of finite element prediction
with the experimental results was satisfactory in generzl, deviations
due to element types and types of mass matrices were ubserved.

*Present address: Department of Civil Engineering, Virginia
Polytechnic Institute and State University, Blacksburg,
Virginia 24061




SOME SIMPLE APPROXIMATE METHODS IN INELASTIC
STRUCTURAL DYNAMICS

E. B. Beckerl, H. D. Hibbitt2 and G. Finel
1The University of Texas, Austin TX
Hibbitt and Karlsson, Providence RI

ABSTRACT

For some problems involving large inelastic deformations of dynamically loaded
structures there is a significant discrepancy between the amount of detaii used
in finite element modelling of the structure and that required from the analy-
sis. Stability considerations associated with detailed spatial modelling lead
to very expensive temporal integration--either explicit methods with small time
steps or implicit methods with attendant iteration and equation solving. Moti-
vated, in part, by the remarkably effective approximate-analytical method of
Symonds, see e.g. {1], we seek computational techniques for reducing the cost
of integrating the equations of motion of dynamically loaded structures.

Specifically, our search is guided by the following precepts:

1. The method should be applicable to conventional finite element modelling
of structures and be capable of being easilv incorporated in existing general
purpose codes.

2. The desired results are gross measures of response, such as the value of
and time to reach maximum deflection, rather than the detailed time historyv of
stress distribution. By asking for less we expect to pav less for the computation.

3. The method should not demand decisions of the user which require a pricri
insight into the behavior of the system.

We employ alternate intervals of explicit (central difference) and implicit
(Newmark-Hilber Hughes) integration. The explicit integration is applied to

an approximate set of equations defined on a subspace of small dimension. The
basis of this subspace is a set of normal modes calculated by linearization at
the beginning of the explicit interval. During the implicit interval the full
set of equations is treated using Newton iteration to assure the satisfaction of
dynamic equilibrium. Economy dictates long explicit intervals and brief implicit
ones.

Numerical studies have been directed toward evaluating the effectiveness of the
method as a whole and of self adaptive procedures for determining the appropriate
dimension of the subspace, the time step used in and allowable extent of the
explicit intervals. For a certain class of problems the method appears highly
effective, while for another class of problems the efficacy is less pronounced.

1. Symonds, P. S., Finite Elastic and Plastic Deformations of Pulse Loaded
Structures by an Extended Mode Technique, Int. Jour. Mech. Sci. 22,
pp. 597-605, (1980).
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Applications of a Simple Approach to
Peak and Final Deformations due to Pulse Loading

P.S. Symonds
Brown University
Providence RI 02912

An impact or high intensity pressure pulse produces first elastic re-
sponse, then a complex intermingling of elastic and plastic response,
and finally an elastic response that is eventually damped out, leaving
permanent deformations. A simple approach [1, 2, 3} to obtaining the
main deflections treats the response either as all elastic (usually
obeying small deflection linear field equations) or all plastic. In
the latter case, the behavior is idealized as rigid-perfectly plastic
with appropriate dynamic vield stress, and the response consists of a
one-degree of freedom (mode form) motion, which is continued to large
deflections. The initial amplitude is chosen so as to provide the
closest fit to the preceding velocity field in the sense of a least
square difference. Recent applications are described to structures
subjected to finite pulses where elastic effects mav plav an essential
role, including rectangular frames under side loading on one column,
and non-uniform beams. Illustrations are discussed of estimates of
peak and final deflections in the final general motion and of plastic
deformations in the initial phase of mainlv local response, including
comparisons with complete numerical finite element solutions, and

with experiments.

1. P.S. Symonds and J.lL. Raphanel, Proc. Conf. on Mech. Props of
Materials at High Rates of Strain Institute at Physics Conf.,
No. 47 (J. Harding, Ed.), London, pp. 227~ 287, 1979,

2. P.S. Symonds, Int. J. Mech. Sci., Vol. 22, pp. 597- 605, 1980.

3. P.S. Symonds, J. Mech. Eng. Sci., Vol. 22, No. 4, pp. 189~ 197,
1980.
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RFSPO'SE ANALYSIS OF A HEIISPHERICAL CONTAINMLNT STRUCTUXE SUBJRCTED TO
TRAISIENT LOADS.
Henry L. Wisniewski

Mathematician

Aaron 1, Gupta

Mechanical angineer

Ballistic desearch Laboratory

Aberdeen Proving Lround, D.2100%

Large deflection elastic-plastic response of a hemispherical csntainment shell
configuration clamped to a horizontai ri~id foundation subjected to an internal
blast was analysed usir~ a fin:te-3ifference structural response ccde, r-7 2
The reflected overpressure loadins was estimated from a scaled distance o! the wall
from tne point of detona'io. Lised OnL a conssrva ive cibe-rYoCtl SCelln.” 1w ana
an exponential deciy. .he resizual quasi-statli€ overpressure was obl:ined from

an equation develonpe: by Vinney cewell tasey on the “iizdle
vent area 1ind tne int 1 wolus

Only a cuarter cooment of the structiure wal moa-lled u-ineg 7 eiual
width meshies 1n one layer and four .maussian i:n.iesTatiol p mEan

( throush the thissness 1, o c€. wWas retress
followed by 2 porf
in a polv.onal appr .

Jhe results indicited the iratiation of flexurazl waves at
propiratin. towirix the po.ie, “her-by alterin- *he erically
mode of recponue of tne centrally lvaded hemiconere, he o
by the roide occused at wne pole i perras 1o Toatlion Wi
small after elastis ascil
at the inner and outer surfa~ea near the clampe? edre
deformatiun superposea on ihe memtrane components., In scnciuzian the protective
atructure was ‘ound 10 be aofficient and cost effective and cajeble of blast
containment with an adequate margin of safety.

S
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A COMPARISON OF STRUCTURAL RESPONSE USING A SUBLAYER MODEL IN A
FINITE DIFFERENCE AND A FINITE ELEMENT COMPUTER CODE

Aaron D. Gupta
Henry L. Wisniewski

Ballistic Research Laboratory
US Army Armament Research and Development Command
Aberdeen Proving Ground, MD 21005

ABSTRACT

An elastoplastic three-dimensional mechanical sublayer hardenina
model has been recently incorporated in a nonlinear finite element
structural response code i.e., ADINA develored at M.I.T. by frofecsor
K. J. Bathe. The model complements nonlinear geometric capakiiity in
the code with an improved nonlinear material representation in the form
of a polygonal approximation of the constitutive relation.

The results from the modified code were compared with those from
the existing isotropic and kineratic hardening models znd <he sutlaver
model “rom a finite-difference shell resnon.e code i.e., PET205 for an
impulsively loaded clamped aluminum rlate. Satisfzcinry co-velation
was obtained in both elastic ard elastic-perfectly piastic material
models but some discrepancy was observed during tne riastic phase of
the deformation possibiv due to the difference in resronse ;
between the three-dimensional trick element and the two-dir
shell element discretizaticn. A plane stress sublayer rardening ~odel
is currently under development to allow a better evaluatior of nonlinear
material response.

Speaker: Aaron D. Gupta
Telephone Number: (3C1) 278-5574
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INDUSTRIAL HYDRAULIC-FRACTURING AND APPLIED MECHANICS

K. G. Nolte, Amoco Production Co., Tulsa, OK

INTRODUCTION: The purpose of this papcr is to review hydraulic fracturing
in the petroleum industry, and to highlight technology gaps which relate
to applied mechanics. Fracturing has been extensively used since 1950
(5x10% by 1968) to increase petroleum production. This results by
creating in the rock a hydraulic wedge carrying a propping agent (e.g.,
sand) to form a2 high (relative to formation) permeability corridor to the
wellbore. Recently, treatments an order of magnitude larger (e.g., 1000m
penetration, 3000m3 fluid, 10° kgm sand, and $5x10%) than the historical
average have been used for the economic development of very low permea-
bility formations at depths ~2500m and ~150°C A comparable increase has
resulted in the need to understand the mechanics of the complex fluid/rock
problem. However, a major portion of the literature 1s not applicable to
the current problem, and a refocusing is required.

FLUID MECHANICS: The slurry generaliy consists of up te a 0.5 vol. frac-
tion of sand in a water-based organic-polymer solution crosslinked with
transitional metals, and at ambient conditions is more solid than fluid.
These systems best meet the economic and functional requirements of crush
resistant proppant, particle transport, minimal fluid loss an.: eventual
degradation for the required residue-free backflow. Thus the usua:
assumptions are not applicable, i.e., Newtonian (verv viscoelasticl,
laminar (some slip on degraded boundasrv), Stokes fall (high vel. fraction
ant major effect from cruss-link network) and D Arcy flurd loss (polvmey
filter cake built on formation wall). The more critical areass are the
pressure gradients from flow, and the velocity fieid of the surpenied par-
ticles which are subjected to time virving concentratioeis, pravily cur-
rents and gradients of normal stress difterences.

SULTD MECHANICS: Recent measurements' during large treatments indicate
that viscous stresses (pressure differences ~10%kPFa) dominate the fracture
geometry (bourdary and width changes) instead of the generally assumed
material properties effects (~102kPa). Also, for the verticully planar
fracture, the horizontal extension exceeds the vertical (210X'. Jhus a
vertical plane-strain assumption (vs. generally assumed horizontal) a1s
more valid. The large viscous pressures and limited vertical growth tan
economical requirement) indicate significant in situ stress difterence in
the various rock layers; i.e., larger horizonta! stresses 1n hounding
layers (generally shales) than target layer (e.g., sandstone). As a
result, future work should be directed at obligue fracture growth in lay-
ered media with significantly different i1n situ stresses? and modulii.
Also desirable is an understanding of the higher stresses in shales (i.e.,
smaller particles, bound water, etc.) than in the frictional dominated
sandstones (e.g., due to relaxation and/or pressure/temp. histories)

!Nolte and Smith, "Interpret. of Fracturing Pressures,"” SPE 8297, 1979.

2¢Clifton and Abou-Sayed, "On the Computation...," SPE 7943, 1979.
Cleary, "Analysis of Mechanisms and Procedures..., SPE 9260, 1980.
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Prediction of the Three-Dimensional Geometry of Hydraulic Fractures
by

R.J. Clifton
Division of Engineering
Brown University
Providence RI 029}2

A computational method is outlined for modeling the three-dimensional
development of hydraulic fractures due to the injection of a non-Newtonian
fluid at the well bore. The rock formation is modeled as an infinite,
homogeneous, isotropic, elastic solid with {n &{fu stresses that vary with
depth. Vertical migration of the fracture is controlled by the presence of
4n 8{tu compressive stresses that are larger in the layers above and below
the gas or oil bearing laver than in the laver that is being fractured.
This three-dimensional problem is made two-dimensional by formulating the
elasticity problem as an integral equation that relates pressure on the
crack faces to crack openings and by neglecting the component of the fluid
velocity in the direction perpendicular to the fracture plane. Variational
~rinciples are nsed to derive the discrete form of the governing equations
that are used for the computations. licee wjualivn. ire nonlinear and in-
volve coupling between the elasticitv of the formation and the flow of the
fluid in the fracture. In addition the locations of the crack front and
the fluid front are undetermined @ pri{oAL and the gradient of the crack-
opening displacement is unbounded at the crack front. Computational ap-
proaches for dealing with these complications are presented.

References:

1. Clifton, R.J. and Abou-Sayed, A.S., "A Variational Approach to the
Prediction of the Three-Dimensional Geometrv of Hvdraulic Fractures",
Proceedings of the SPE-DOE Symposium on Low-~Permeabilitv Gas Reser-—
voirs, May 27-29, 1981, Denver, Colorado.

2. Clifton, R.J. and Abou-Sayed, A.S., "On the Computation of the Three-
Cimensional Geometry of Hydraulic Fractures", Proceedings of the SPF-
AIME Symposium on Low~Permeability Gas Reservoirs, Mav 20-22, 1979,
Denver, Colordao.

3. Simonson, E.R., Abou-Sayed, A,S. and Clifton, R.J., "Containment of
Massive Hydraulic Fractures", Soc. of Petroleum Engineers Journal,
Vol. 18, No. 1, 1978, pp. 27— 32.
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Particle Migration Phenomena for Certain Flows
of a Viscoelastic Fluid

Peter Brunn
Department of Chemical Engineering
Columbia University
New York NY

The flow of a viscoelastic fluid over a spherical cap and between
hyperbolic cylinders is studied. Special attention is paid to the
resulting behavior of a rigid, non-nentrally huoyant srhere sus-
pended in the fluid. Anticipating that the flow fields studied can
be used to locally model the flow in a porous material, the results

obtained admit conclusions with regard to the detailed effect of sus-
pended ratter.
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Modelling Stochastic Microcrack Dependent Deformations in Rock Materials*

R. B. Stout, L. Thigpen, and J. Peterson
Earth Sciences Division, L-200
Lawrence Livermore National Laboratory, University of California
P. 0. Box 808, Livermore, California 94550

A stochastic model for microcrack kinetics in rock material has
been formulated by using some concepts from statistical mechanics. The
mode] defines a stochastic or probablistic density function for the
number of microcracks per unit volume per unit species type. For the
present model, the species type is a hyperspace over measures for the
microcrack area A, the microcrack orientation 5. the microcrack displace-
ment opening U], and the microcrack displacement opening rate (]}, A
balance or accounting statement for each species of microcrack results
in an integral-differential equation for the stochastic microcrack
density function. This evolution equation is a microcrack transport
equation simiiar to the Boltzmann equation in classical statistical
mechanics.

Based on the above formalism, a simple failure model for rock
material has been completed to jllustrate concepts of the theoretical
development. Through recent extensions, a deformation functional, which
depends on the microcrack function space, has heen obtained. This leads
to approaximations for the kinematic measures of strain and strain rate
that also depend on the microcrack density function.

*Work performed under the auspices of the U.S. Department of Eriergy by
Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48.
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"THE STATIC AND ROLLING CONTACT STUDY OF
TWO ELASTIC-LAYER COVERED CYLINDERS"

Tsai-C. Soong, Xerox Corporation, Rochester, N. Y.

At the interface of the contact arc between two elastic-
layer covered cylinders in steady rolling with a thin
sheet in the nip, there are four conditions to be satis-
fied at each point; .namely, the normal pressure, the
interference, slip or nonslip between each cylinder and
the sheet. Since each point has to be examined and slip
or nonslip is determined independently from shear con-
sideration, a continuous, analytic solution is more
difficult than the collocation method where the number
of condition equations can be matched by an equal number
of parametric unknowns and solved iteratively.

In the beginning. one may assume all contact points are
nonslipping, that is, the creep velocity is the same,
and then solve for the interface shear stress and normal
pressure. If the shear stress at some points are found
to be more than the Coulomb friction can support, then
the slipping points are unlocked one by one with the
new condition that the shear stress is the Couvlomb
friction.

Circular stress functions are used to represent the
stresses in the two layers of thm ~vlind»~~, n- ~ =
tact conditions in the nip and outside are rigorously
enforced. The attached figure shows an example of the
local speed variation in the contact arc with and
without a sheet in the nip.
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MOVING UPDATED LAGRANGIAN FINITE ELEMENTS
JOSEPH PADOVAN
UNIVERSITY OF AKRON
AKRON, OHIO 44325

A natural outgrowth of bodies being in a state of moving contact
is the fact that each of the interacting structure are subject to
traveling load fields which can accelerate, decelerate as well as have
variable magnitude. The problem of rolling contact is a good example
of such structural interactions. While numerous analytical type linear
elasticity solutions have been developed for such problems, these are
generally limited to simple configurations. Static and dynamic con-
tact type problems have also been tackled by tne finite element (FE)
method. These FE solutions have mainly been employed for contact-
impact type problems wherein the time duration is small and where
only a small portion of the structural surfaces are involved. For
longer duration moving contact processes wherein large portions of the
interacting structural surfaces may have been subject to moving load
fields, the classical FE approaches are somewhat awkward to apply. In
this context, the presentation will overview the development of a
moving updated Lagrangian observer FE formulation which combines the
various benefits of the Eulerian and the classical total/updated lag-
rangian approaches. This is achieved by locking the initial base of
the updated Lagrangian observer to the steady or accelerating/dece-
lerating motions of the interacting structure. As a consequence,
while the FE mesh is monitoring global structural deformations, it
appears to remain stationary during the rolling poocess. To generaiize
the results, specialized isoparametric steady/transient large defor-
mation elements will be developed. In this context, the presentation
will include the formulation of the moving updated Lagrangian metho-
dology as well as give an overview of several numerical applications
to large deformation rolling contact problems.
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Periodic Solutions of Viscoelastic Boundary Value Problems

G.A.C. Graham M. Comninou

Department of Mathematics Department of Civil Engineering

Simon Fraser University University of Michigan

Burnaby, B.C., Canada V5A 1S6 Ann Arbor, Michigan 48109 U.S.A.
ABSTRACT

A primary source of mathematical interest in the solution of
viscoelastic boundary value problems for cracked bodies derives from
the unilateral nature of the boundary conditions that should be sat-
isfied over the crack faces (e.g. see [1], [2]). 1If a point of the
crack is in contact with the opposite crack face the normal displace-
ment should be continuous and the normal tractions should not be
tensile across the crack at that point. 1If the crack is open at a
point the displacement field should be consistent with that and the
traction across the crack surface should be as prescribed.

In this paper we have studied periodic solutions for a
particular class of viscoelastic materials; those whose relaxation
functions vanish at infinity. Particular problems considered are
(i) a Griffith crack in an infinite viscoelastic body, (ii) a
crack in a field of pure bending and (briefly) (iii} the interface
crack. In all cases the applied loading is presumed to be periodic
in time and the corresponding quasi-static elastic solutions would
involve crack closure for extensive intervals of time. In contrast,
for the viscoelastic solutions of this paper the cracks are entirely
open essentially always. A feature of these solutions is that they
are obtained from elastic solutions that involve material overlap:
the right viscoelastic solution is ohbtained from the wrong elastic
solution.

{11 G.A.C. Graham, Stresses and displacements in cracked linear
viscoelastic bodies that are acted upon by alternating tensile
and compressive loads, Int. J. Engng. Sc. 14 (1976), 1135-1142.

(2] G.A.C. Graham and G.C.W. Sabin, The opening and closing of a
growing crack in a linear viscoelastic body that is subject to
alternating tensile and compressive loads, Int. Journ. of
Fracture 14 (1978), 639-649.
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OPTIMAL COOL-DOWN PATHS AND RESIDUAL THERMAL STRESSES
IN CROSS-PLY COMPOSITE MATERIAL LAMINATES AND ADHESIVE JOINTS

BY

Y. Weitsman, Professor and B. D. Harper, Graduate Student
Civil Engineering Department
Texas AEM University
College Station, Texas 77843

Abstract

When composite material laminates and adhesive joints are cooled
from the elevated cure temperature down to room temperature the ever
present geometric constraints introduce residual thermal stresses into
the structure. These stresses sometime approach the ultimate value.

By taking account of the viscoelastic response of the above ma-
terials, which is especially pronounced at elevated temperatures, it
is possidie to reduce the maanitudes of the residual stresses. This
reductisn can be attained by extendina the cool-down time a< weil as
by following a special, optimal time-temperature coolins pa

The form of this optimal path was obtained previously fcr isotropic,
viscozlzziic, thermoheolcaically simple raterials.{1],{2] A sianificant
feature of this path is that it contains jump discontinuities at the
initial ard ‘inal times.

ir inis paper the previous analysis is extended to sore treciel
lay-uns ~ corposite laminates and medified to include the caso of
dependent coefficients of therrmal expansion.

“ions, based upon recent data for uraphite/epox, rateriaels
rfgrmed for symretric, balanced, cress-ply lamirates. It
t hv takinz an appropriagte advantaae of viscoelasticity

iz’2 to reduce ' o residual stresses by about 3. Anal-
iors were also pecformed for aluminun/epoxy jcirrs

“ur

MR

Refersr <31

(17 weiizoza, 0 "Optimal Cool-Down in linear Visceelasticitv™. J. of
AL ASUT, Vol. 47, No. 1, pp. 35-39, {March 1682

(2] ur- and Murphy L. F. “Optimal Temperature Paths for
The ctenically Simple Viscoelastic Materials™. Quart. App.

L01. 38, No. 2, pp. 179-190, {July 1980).
, K. G. “Tine-Dependent Environmental Behavior of Graphite/
Cernosites'.  Tech. Report ARWAL-TR-83-4052, General Dynamics

Corp., Forth Worth, Texas, (May 1980).
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APPROXIMATION OF A CLASS OF PROBLEMS
CONCERNING FLUID-SOLID INTERACTION

Thomas M. Wicks
Department of Engineering Mechanics
University of Missouri-Rolla, Rolla, M0 65401

Abstract:

Fluid-solid interaction problems present a variety of
difficulties due to the different description of motion which
is used for the fluid and solid. This investigation is con-
cerned with such problems where a viscous fluid is partially
bounded by an elastic membrane. Some channel flows, where the
wall consist of the membrane, are used as models. Properties
of solutions representing stationary flows are discussed and an
analysis of finite element approximations of this probliem is
given. In particular we consider iterative schemes which un-
couple the fluid-solid problem and compare them with fully
coupled methods which provide both first and second order
convergence.
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VAPOR CONDENSATION IN THE SUPERSATURATED STATE: A SURVEY OF ITS
HISTORY, EXPERIMENTAL METHODS, CURRENT APPLICATIONS, AND RESULTS.

Peter P. Wegener

Mason Laboratory, Yale University, P.O0. Box 2159 Yale Station
New Haven, CT 06520

Phenomena and nomenclature of the great variety of processes of
condensation of vapors in the supersaturated state — in the absence of
foreign aerosols — will be recounted. The history of this field started
in the last century with rapid expansion experiments (1866), Laval steam
nozzles (1883), and the classical Wilson cloud chamber (1897). In this
century Stodela's work on qualitative clarification of the steam noz-
zle process (1913) was followed by the first observations of condensa-
tion in supersonic wind tunnels by Wieselsberger and by Prandtl (1934).
In 1941 Oswatitsch finallyv saw the identity of the physics of condensa-
tion in steam and wind tunnel nozzles. He linked the delaved nucle-
ation process to the theoretical work by Volmer (1926), and Becker and
DBring (1935). After this the field began to evolve rapidly. The
invention of the diffusion cloud chamber by Langsdorff (1939), the
Jevelopment of modern nozzle methods, advanced Wilson cloud chambers,
tolecular beam experiments and other schemes took hold in different
branches of science and engineering and their relative merits will be
compared. In recent vears — and often to the surprise of those in the
field — condensation problems of this nature have attained technclogical
importance. Thev are now encountered in combustion, rocketry, aero-
nautics (hvpersonic and transonic wind tunnels) and astronautics, energy
(isotope separation and magnetohydrodynamic energyv conversion), etc.,
and a number of examples in these fields will be given in detail. 1In
parallel to these developments the application of nucleation experiments
in basic physics or chemistry to improve our understanding of small
clusters and the liquid state, and new problems arising in stratospheric
chenigstry are of interest.

Finally, the basic physical ideas — rather than the detalls of
nucleation theory - are presented in conjunction with a listing of the
contemporary attempts to fmprove expressions for the energy of formation
of critical clusters. Experimental results in conjunction with such
theoretical schemes will be demonstrated for some vapors and vapor mix-
tures as obtained with different experimental methods. It is hoped that
this overview of the field will aid our further discussions of the
fascinating field of nucleation. This is particularly important in
nucleation since the nature of the field requires the participation of
workers in many fields in order to progress. In turn a common view of
our different approaches may be helpful.




A CONTINUUM MODEL FOR THE MICROSCOPIC CLUSTERS

IMPORTANT IN HOMOGENEOUS NUCLEATION

Professor R. P. Andres
School of Chemical Engineering
Purdue University
West Lafayvette, Indiana 47907

Estimation of the properties of small condensed aggregates or
clusters, which contain fewer than 100 molecules, is often critical for
prediction of the rate of homogeneous nucleation in a supersaturated
vapor. Since the work of Gibbs over a hundred years ago, the free
energy of small clusters has been estimated by means of a macroscopic
model based on the bulk surface free energy and chemical potential of
the stable condensed phase. Despite the fact that the surface free
energy of small clusters cannot be equal to that of the bulk phase and
that Gibb's expression does not account for free translation and ro-
tation of these clusters, this macroscopic model has been remarkably
successful. The reasons for this success and for the success of the
steady-state nucleation theory of Becker and Ddring, which incorpor-
ates Sibb's model, are explored in the present paper.

An empirical expression that is valid both in the limit of in-
finite size and in the limit of a three molecule cluster is presented.
This new continuum model is compared to the classic expression implicit
in the nucleation theory of Becker and Ddring. It is also compared to
detailed statistical calculations which treat small clusters as weakly
bound van der Waals’ polymers. Next, experimental rates of homogeneous
nucleation are compared with the predictions of our model. Finally,
the problem of the melting temperature of small particles is addressed,
and a size dependent melting point for small particles is derived.
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A Cnemical Kinetic Mechanism for
the Formation of Condensation Nuclei

by James P. rriend
Uepartment of Chemistry

urexel University
Philadelphia, PA 19104

lhe creation ot condensation nuclel (measured at 300% relative
humidity} by the pnotooxidagion of sultur adioxide in air nas been
obseryed 1n the laboratory. A chemical kinetic mechanism is pro-
posed” which is consistent with the observed rates of nuclei form-
ation as a function of experimental conditions ot water vapor con-
centrations and rates of SO, oxidation. The proposed immediate
precursors to the nuclei arg tree radicals of the type HSOJ and
HSO_ and their hydrates. The chemicaliy stable molecules which re-
sul% from the radical-radical combinations amongst the hydrated and
unhydratea species are thought to be the nuclei upon which droplets
form in an automatic condensation nucleus counter operating at 300
relative humidity. The nucleation process by this mechanism is com-
pared with the thermodynamic-based theory of binary homogeneous nu-
cleation for H,0 and H SO, vapors. Possibilities for application
of the mechanigm to thé fénnation of atmospheric aerosols are
discussed,

Referances

1. K. Leifer, J.P. Friend, and M.P. Trichon, "The Mechanism of
Formation of Stratospheric Aerosols", Proceedings of the Inter-
national Conference on Structure, Composition and General Cir-
culation of the Upper and Lower Atmospheres and Possible Anthro-
pozenic Pertubations, As part of the TAMAP/IAPSO combined first
special assemblies, Melbourne, Australia, January 14-25, 1974,

2. J.P. Friend, K.A. Barnes and R.M. Vasta, J. Phys. Chem., 1980
84, ¢423-36.

- 41 -




Nonequilibrium Condensation in
One-dimensional Nozzle Flows

By JOSEPH H. CLARKE
And CAN F. DELALE
Pivision of tngincering, Box D
Brown University, Providence, RI 02912

Abstract

We consider the comnressible nozzle flow of a vapor and gas mixture
with nonequilibrium homogeneous condensation. We use an asymptotic meth-
od with respect to two disparate parameters appearing in the nonequilib-
rium inte:ral condensation-rate equation coupled to the equations of flow
and of state. We use a high-activation limit and ancther limit consider-
ation that signify a large nucleation time followed by a small droplet-
growth time. Under the limits, the coupled rate equation is so controlled
by the activation function B(x) over its five zones that there appears a
one-to-one correspondence between these zones and the five characteristic
condensatinn zones of the noz:le flow itself. The five zones are initial
growth of condensate, further growth, onset region, nucleation zone with
growth, and droplet growth zone. The last zone can be simplified if we
are willing to necglect terms that imply a reasonably sizable order of er-
ror. What results are the rectilinear, one-dimensional flow cquations
of a normal shock wave structured or resisted by droplet growth. More-
over, it is not nccessary to specify, for the entire general analysis,
the scveral functions (of the specified independent thermodynamic coor-
dinates) dictated by the complex physics associated with the varjous
theories of nucleation and droplet growth.
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APPLICATION OF QUALITATIVC DYNAMICS
TO POWER SYSTEM STABILITY

Robert B. Washburn, Jr.

Scientific Systems, Inc.
54 Rindge Avenue Extension
Cambridge, MA 02140

The dynamic behavior of a large interconnected el2~tric power system
is extremely complex. Yet in order to make a rational assessment of sys-
tem security or to decide what preventive control action to take in an
emergency, it is necessary to make some prediction about the future be-
havior of the system. Numerical simulation is the preferred approach for
making such predictions and has the advantage over other approaches of
providing quantitative predictions "closer to reality" than qualitative
predictions. Such simulations, however, can be extremely time-consuming
to obtain and the results can be "myopic"” in the sense that it is only
possible to simulate future behavior for a limited number of specific
contingencies.

This paper investigates an alternative, ... tative approach to
making such future predictions. Specifically. i considers application
to power system stability of the qualitative methods of Poincaré, Birk-
hoff and others for studying the n-body problem of analytical mechanics.
To illustrate this approach we preseni two simple examples which demon-
strate the complexity of qualitative behavior which is possible for non-
linear power systems models and the power of the qualitative methods to
analyze this behavior. The first example considers dynamic behavior of
a single damped generator connected to an infinite bus with periodically
time-varying voltage phase. The second example considers dynamic be-
havior of two generators coupled to each other and to an infinite bus.
The first example is a non-autonomous one degree-of-freedom system; the
second is an autonomous two degree-of-freedom system. The two examples
are related to each other and bear close resemblance to the restricted
three-body problem discussed by J. Moser (Stable and Random Motion in
Dynamical Systems, Princeton University Press, 1973). 1In both examples
we find so-called "chaotic" motions similar to those described by Moser
(op cit.) in the three-body problem. Further mathematical and physical
details of this problem may be found in a report by Prof. Nancy Kopell
(Northeastern University) and Robert Washburn. This report can be ob-
tained by writing to the latter at the above address.

- 44 -




WHEN IS A NEWTONIAN DYNAMICAL SYSTEM
DERIVABLE FROM I.AGRANGIAN?*

Leon Y. Bahar and Harry G. Kwatny
Department of Mechanical Engineering and Mechanics
Drexel University, Philadelphia, PA 19104

ABGTRACT

It is well known that while a Lagrangian always leads to Newtonian
equations of motion through the application of Lagrange's equations in a
unique manner, the converse is not necessarily true. That is, a given
Newiun.an dvnamical system may not be derivable from a Lagrangian unlessc
it obeys the Heimnc!*z conditions of formal self-adjointness (FSA). There
exist, however, systems tna. are not FSA as given, but become so upon multi-
plication of the governing system of equations of motion by an appropriatc
"multiplier matrix.” Such systems are known as pre-formally self-adjoint
(PFSA). In general, there exists a set of non-unique multiplier ma:vices,
leading to many different Lagrangians, that result in Newtonian equations of
motion that are the same up to a multiplier matrix. It is possible, for
instance, to find a unique multiplier matrix by imposing the requirement
that it only depend on time.

The present paper extends the work of the authors on linear dynamical
systems with arbitrary constant parameters, to systems with time-dependent
coefficients, and a class of non-linear problems.

In the case of a linear time-varying system, the Lagrangian is ob-
tained by first reducing the equation of motion to a standard form (one
not containing the first derivative) by a time-~dependent linear transform-
ation. The multiplier matrix for this reduced equation is a constant, non-
singular, symmetric matrix. The Lagrangian for the latter system is simply
that of coupled harmonic oscillations. A reverse coordinate transformation
yields the Lagrangian in the original coordinates. It is shown that under
a certain commutativity condition an energy-like first integral can be
written. An illustration is also provided.

The non-linear example considered is the Contopoulns problem. By ex-
tending the notion of FSA to variationa. forms, it is shown that a first
integral independent of the Hamiltonian recently derived by a direct method
follows. It is further shown that the same result can be arrived at by
constructing a Morse and Feshbach or Leipholz type Lagrangian for that
problem.

*
( )Research supported by the U.S. Department of Energy

under Contracts ET-78-C-01-2092, and ET-78-01-3088.
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BIFURCATIONS AND CHAOTIC MOTIONS IN NONLINEAR DYNAMICAL
SYSTEMS

by Philip Holmes

Department of Theoretical and Applied Mechanics,
Cornell University, Ithaca NY 14853

We will review some recent developments in the qualitative theory
of dynamical systems and bifurcation theorv for vector tields and maps,
and discuss their application to nonlinear problems in mechanics. We
will distinguish between local bifurcations, in which new equilibrium
solutions and periodic orbits are created individuallv, and global bi-
furcations, in which infinite families of new solutions are created.
Bifurcations of the latter type are connected with the appearance of
chaotic motions and strange attractors.

We will show that such bifurcations occur naturally in a wide range
of systems, a prototypical example being a nonlinear oscillator with weak
damping and forcing, which might be either externally applied, or due to
mutual interactions with neighbouring systems. In situations such as
this, one is often dealing with a amall perfnrhations of an integrable
Hamilt-uian system, and it is the feature which permits us to make a
global analysis.

We will describe examples in solid mechanics, includine the forced
oscillations of a buckled beam and coupled pendula.
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CATASTROPHE FLAGS IN CONSERVATIVE AND
DISSIPATIVE SYSTEMS

Robert Gilmore
Institute for Defense Analyses
400 Army-Navy Drive, Arlington, VA 22202

Elementary Catastrophe Theory is the study of the critical points
{where V f(x;c}=0) of a smooth function, and how these critical points
move about, coalesce, and bifurcate as the parameters which describe
this function change. The number of critical points changes whenever
the Hessian, or stability matrix (fij = a2f/3xiax~) becomes singular.
Such points are called catastrophes.” FElementary Catastrophe Theory is
therefore intimately related to the equilibrium and stability proper-
ties of systems governed by a potential, a Lyapunov function, or more
generally, by a variational principle.

The presence of a catastrophe is indicated by many physical phe-
nomena. Catastrophes leave "fingerprints' at the scenes of their
crimes and wave "flags" to gain our attention. The phenomena which
accompany a catastrophe are surveyed for classical conservative
(X{ = -3V/9x;) and dissipative (%; = -3V/3xj) systems. A close
parallel among these phenomena, which are illustrated for the cusp
catastrophe, is exhibited. This parallel extends also to quantum
mechanical (i) = (T+V)y) and statistical mechanical (¥Rp = [T+V,p])
systems.
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*
ON THE STABILITY OF VISCOELASTIC PERFECT COLUMNS

+
S. Dost and P.G. Glockner

The dynamic stability of perfect columns made of a